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I. INTRODUCTION

A series of flight tests were conducted to determine the stability
of two prototype designs for the 155mm intermediate volatility agent
(IVA) binary projectile. Twelve shell with yawsondes were fired at
transonic and supersonic launch conditions. All shell were stable. The
liquid canister designs for these prototypes were unusual in that the
forward and aft canisters were of different internal diameters and this
geometry is presently not amenable to stability analyses for the liquid.
Designs such as these must be carefully tested.

II. BACKGROUND

Two previously developed binary projectiles, the 155mm M687 and
the 8-inch XM736, both employed tandem canisters that were of the same
internal diameters. A cut-away view of the XM736 is shown in Figure 1.
Upon launch, the burst discs are ruptured and the resulting internal
geometry seen by the liquid payload is essentially that of a right
circular cylinder. The canister geometries for botii the M687 and the
XM736 were selected using the concepts of the Stewartson-Wedemeyer
theory.1, 2 This theory determines the liquid moments and eigenfrequen-
cies for a wholly or partially filled cylinder. The analysis considers
viscous effects and the stability of the liquid/projectile system
when the liquid is rotating as a rigid body. Instability will occur
if one of the liquid eigenfrequencies is close to the fast precessional
mode (nutational frequency) of the projectile. The eigenfrequencies
principally depend upon the liquid fill ratio and the cylinder aspect
ratio (height/diameter). For the IVA geometry a simple aspect ratio
cannot be defined, hence the Stewartson-Wedemeyer theory cannot be
directly applied.

Prior to the yawsonde-instrumented flights, laboratory tests were
conducted with a liquid-filled gyroscope to examine the use of an
average aspect ratio. 3 An average radius (T) can be determined using
the height (2c) and the total volume of the cylinder (VT),

K. Stewartson, "On the Stability of a Spinning Top Containing Liquid,"

J. Fluid Mech., Vol. 5, Part 4, September 1959, pp. 577-592.

2E.H. Wedemeyer, "Viscous Corrections to Stewartson's Stability

Criterion," BRL Report No. 1325, Aberdeen Proving Ground, Maryland,
June 1966. AD 489687.

3William P. D'Amico, Jr. and Michael D. Fuller, "Experimental Study
of a Liquid-Filled Cylinder with Unequal Internal Diameters," BRL
Memorandum Report in publication.
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a = (VT/2cn)2

The average aspect ratio was then defined as c/a, and it was used to
implement the Stewartson-Wedemeyer theory. Theoretical predictions
were then compared to the gyroscope data, and it was determined that
the average aspect ratio theory and the data were not consistent.
The use of the average aspect ratio concept would produce uncertainty
within a projectile design.

Liquid-induced instabilities of the Stewartson-Wedemeyer type are
common during spin-up, but only a model for prediction of the liquid
eigenfrequencies exists. No estimation of the destabilizing liquid
moment during spin-up is available. Spin-up eigenfrequency histories
were computed in Reference (3), but the differences between the two
designs were quite small and no qualitative arguments could be made
as to why one design should be stable while the other should be unstable.

III. HARDWARE DESCRIPTION

A cut-away view of the M687 projectile is shown in Figure 2. The
projectile metal parts for the 155mm IVA shell will be those of an
M687, but a new set of canisters will be employed. Table 1 lists the
physical dimensions of the standard M687 and the two IVA prototypes.

Table 1. Physical Characteristics of 155mm Binary Shell*

Projectile Mass Moments of Inertia Top Canister Rear Canister c/a
Type (kg) Ix ly L (cm) D(cm) L(cm) D(cm)

(kg.m 2 ) (kg-m 2 )

M687 41.95 0.1617 1.767 19.30 10.74 28.57 10.74 4.457

Model A 45.12 0.1733 1.691 15.85 10.80 34.46 11.11 4.469

Model B 46.17 0.1728 1.841 16.84 10.80 32.95 11.43 4.438

*Measurements taken with filled canisters.

For yaw induced launches at Charge 4, Model A was unstable when
tested at DPG. Yawsondes were not employed, hence the details of these
flights are not available. It is highly possible that poor flight
performance for Model A occurred prior to liquid spin-up. Upon launch,
the liquid is not rotating. During the down range flight, however, the
liquid is spun-up by the projectile. This transfer of angular momentum
can be seen in yawsonde determined spin histories as a rapid decrease in
the projectile rotation rate at shot exit. Normally this rapid despin is
observed for about one second, but theoretical predictions of liquid

10



spin-up and the associated projectile spin-decay indicate that the spin-
up process can encompass a large portion of the total time of flight
(for a Charge 4-30 second time of flight, an M687 can take 15 seconds
to achieve 90 percent of the angular momentum of an equivalent frozen
liquid payload). 4

Table 2 gives a round-by-round history of the test program. A
three digit number which was stamped on the projectile was augmented
with an A or a B to denote model type. An MlO9Al vehicle was used to
launch the projectiles. A standard muzzle break was used for Cnarge
6 launches, while a modified muzzle break (12.7 cm side plates) was
used to induce yaw at Charge 4. A muzzle chronograph was used to
measure launch velocities (velocities shown in the table have not been
corrected back to the muzzle). Time-zero measurements were made
using a strain gage attached to the tube.

Table 2. Round-By-Round Summary

Muzzle Quadrant
CSL a BRL Firing Velocity FMAb Elevation Launch

Number Number Date (m/s) (degrees) (degrees) Conditionc

195B 1626 27 Aug 80 336.2 9.5 30 Chg 4/YI
187A 1627 27 Aug 80 349.0 9.5 30 Chg 4/YI
194B 1720 27 Aug 80 338.3 9.5 30 Chg 4/YI
186A 1721 27 Aug 80 337.4 8.5 30 Chg 4/YI

193B 1718 28 Aug 80 334.4 12.5 30 Chg 4/YI
185A 1713 28 Aug 80 339.5 12 30 Chg 4/YI
192B 1714 28 Aug 80 336.8 11.5 30 Chg 4/YI
184A 1715 28 Aug 80 340.5 8 30 Chg 4/YI

189B 1624 28 Aug 80 458.4 ---- 67 Chg 6
181A 1625 28 Aug 80 462.1 ---- 67 Chg 6
191B 1716 28 Aug 80 460.9 3 17 Chg 6
183A 1697 28 Aug 80 463.3 ---- 17 Chg 6

aA-type shell contained canisters with a 0.793 cm (5/16 inch) wall thickness,

while B-type shell had 0.635 cm (1/4 inch) wall canisters.

bFMA is defined as the first maximum angle of yaw and is determined

as half of the first peak-to-peak excursion in Sigma N. FMA is taken
only as a measure of the first maximum yaw level.

cyaw induction (YI) with a modified muzzle brake with full (12.7 cm) side

plates.

4 C.W. Kitchens, Jr. and N. Gerber, "Prediction of Spin-Decay of Liquid-
Filled Projectiles," Ballistic Research Laboratories Report No. 1996,
July 1977. AD A043275.
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Yawsondes configured in the shape of a standard artillery fuze were
installed on the test projectiles. 5 Yawsonde data provide a planar
view of the angular motion of the projectile during flight. The angular
motion is shown in terms of Sigma N which is the complement of an angle
between a vector to the sun and the roll axis of the projectile.
Sigma N will vary along the trajectory, but peak-to-peak excursions in
Sigma N provide the amplitude of the yawing motion about the trajectory.
The spin of the projectile is presented in terms of Phi Dot (Raw),
which is the derivative with respect to time of the Eulerian roll angle
Phi. For large angular motions, the Phi Dot (Raw) history will exhibit
oscillations. The mean of these oscillations should be considered to
be the spin. 6 Spin will normally be used in place of the terminology
Phi Dot (Raw) in this report.

IV. YAWSONDE DATA

Four rounds fired on 27 August 1980 were launched at Charge 4
with yaw induction. Round 195B was launched with an FMA of 9.5
degrees and was stable (Figures 3 and 4). The fast mode precession
damped to less than 2 degrees of peak-to-peak motion by 10 seconds.
The spin history shown in Figure 5 was normal. The oscillations on
the spin histo-y during the first 5 seconds are produced by the large
angular motion that was induced at launch. The effects of the large
angular motion on the spin history during the first several seconds cloud
the rapid despin of the projectile during the liquid spin-up stage.
The second test projectile, Round 187A, had an FMA level similar to the
first round. The motion was stable and the fast mode precession was
again damped by 10 seconds (Figures 6 and 7). Spin data are shown in
Figure 8. The next shell (Round 194B) exhibited behavior similar to the
first rounds (Figures 9, 10, and 11). The Sigma N data at 0.75 seconds
were apparently clipped. However, the data during the next cycle of
the motion were normal. Figures 12 and 13 give the angular motion for
Round 186A. An FMA of only 8.5 degrees was observed. The spin history
is shown in Figure 14 and was norrm-!.

5W.H. Mermagen and W.H. Clay, "The Design of a Second Generation
Yawsonde," Ballistic Research Laboratories Memorandum Report No.
2368, April 1974. AD 780064.

6 C.H. Murphy, "Effect of Large High-Frequency Angular Motion of a
Shell on the Analysis of Its Yawsonde Records," Ballistic Research
Laboratory Memorandum Report No. 2581, February 1976. AD B009421L.
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A second series of test rounds were launched at Charge 4 with yaw
induction on 28 August 1980. The same gun and yaw inducer were used as
on the previous day, but slightly higher yaw levels were achieved.
The angular motion for Round 193B is on Figures 15 and 16 7FMA of
12.5 degrees). •he spin history for this shell (Figure 17 clearly
shows a rapid despin of the projectile during the first second of flight
as the liquid is being spun-up. Data for the next projectile (Round
185A) are shown in Figures 18, 19, and 20. An FMA level similar to
Round 193B was achieved. Figures 21, 22, and 23 give the angular motion
and spin histories for Round 192B. An FMA of 11.5 degrees was
produced, which was slightly smaller than the two previous rounds.
This round was stable with no abnormal behavior. The last round fired
at Charge 4 was Round 184A. Data for this round are shown in Figures
24, 25, and 26. This shell had the smallest FMA of any of the rounds
within this group, 8 degrees.

On 28 August 1980, shell were also launched at Charge 6. The
first two rounds were launched at a quadrant elevation of 67 degrees.
The yawsondes were out of view of the sun during the early portions of
the trajectories due to the high quadrant elevation, but good data were
obtained over the remainder of the flight paths. Data for Round 189B
are shown in Figures 27 and 28, while data for Round 181A are shown in
Figures 29 and 30. No unusual motions were observed. The final two
rounds were launched at a quadrant elevation of 17 degrees, and both
shell were stable. The first projectile (Round 191B) had an FMA of 3
degrees. The launch disturbances decayed within 3 seconds and almost
no angular motion was evident until the limit cycle behavior returned
at 10 seconds (Figure 31). Figure 32 clearly shows the rapid despin
of the projectile during the first second of flight. The spin decay
during the rest of the flight was dominated by air friction over the
projectile. Little data were obtained from the last round of the test
program (Round 183A) since the yawsonde was not in view of the sun for
the entire trajectory. Available data are shown in Figures 33 and 34,
and no unusual behavior was observed.

V. DISCUSSION AND CONCLUSIONS

The yawsonde data gave no indication that either the A or B desiqns
would be unstable. This was not expected, since previous testing at
DPG had shown the A configuration to be unstable. Past experiences at
DPG with 155mm liquid-filled shell have shown yaw levels similar Lo
those achieved during this test. An important difference is the high
altitude at DPG, which would reduce aerodynamic damping due to the low
atmospheric density conditions. The tests at the Transonic Range
facility were of course essentially at sea level and high humidity/high
density conditions. If the stable or unstable flight performance of
the A model is attributed to differences in atmospheric density, then
the projectile must be considered to be marginally stable. As to
conclusions on the stability of the B model, very few can be made.
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No unstable flights were observed during the present test sequence,
but it would be recommended that yawsonde-instrumented flights be
performed at DPG where the companion design was unstable.

The geometry of the proposed IVA payload canisters are not amenable
to analysis by available liquid-filled shell theory. Uninstrumented
flight tests at DPG demonstrated unstable flight behavior for a
canister design with an average aspect ratio of 4.469, while stable
flights occurred for a design with an average aspect ratio of 4.438.
If the stability of a projectile is modified due to a change in aspect
ratio of less than one percent, then the system is a very sensitive one.
Without the aid of a rational mathematical model, such a sensitive
shell design should be carefully and completely tested.

14



N LU

LIU

x
LU

Cl

LI-

Eu

0)

(n 4)

I.-

LL-



FUZEI• - . METAL CUP

/ \ BURSTER

OGIVE O-RING

CUSHIONING MATERIAL BURSTER RETAINER

FORWARD CANISTER

BODY--.

BURST DISCS

I REAR CANISTER

- KEY GROOVE

WOODEN DISC

ROTATING BAND

GROMMETAS OBTURATING BAND

O-RING
WRENCHHOE

Figure 2. Cut-away view of the 1SSmm H687 binary projectile.

16



c CD a m

C 0) ce - u
Cox u 0 O

oI

0-

0 E0

>

>CL du

,a 4-) tUr
C N

ZNn

""0 to

o Omom

I-

saa-6p- N VW91 S

17

-- ,• . . .. .. i i 'i ~ l ri m •. . . . '• .. .. . .. • i _ . i l l i ... . ". .. . . . . l t ,iij .. .. .0-



,-- Oj

0 m-

I o

a >1N 4

e'JJ

do •
L-~

00

saa-bap - N MIS

18



Inn

Cc Li

4J' U\

0 OCR

Cie* L

S.. -

I-IL

41

tm

sh

S/8 - 2M 1 10aN

19



CA _ _

- -

*-LC) P-4 .

"0~ 4-) U a-1
r_~~u -ýc= t 3C= C

g8860 - 0 WI

m 20



I a

" - E
LL. w~i C:

0 aY) cy; c
L: C) -

w n 4J a)
ca )

S-) -
-- o

-0 4-

at)

"44

(A

0 S-.

.me a)

LnL

seaa4fip - N MIrS

21



I* La V

LO~
o

4-

W). Ln
4- OJ USL

o00 (
I= __ X_ _ __ ___ __ _ _ _

I N i - --

4-1 U,Ci
go,

LaL

_ _ _ _ _ _ _ a _ 0-

is 0 a

S /Aa (MV) 10 I H

* 22



c C
EC

C Nm

C C

#A U-

6.3 0%

'-23



c-o

-

< C C6•mM -E0-o<i..-

4-) U
L LJ

--

#A - 4-

L- Ln

w..__ •,. .

-n LA. v

U - 0

g 'I -N IVW 1

- --

- •

- aa a -N gI

0 - =~ - 24



rr

I in

E C

LOf

oou co U-)

,-- •U t -

>% <- ) LO

0 . to -

a LA).-

amm

q44-0

, ,

0~

1..

a I%- anc
s/^a9 - (MVS) I00 IHd

25



I .

>- . - o

4)U

CV
*r .0

so~ A i

~ w4

,** :.- 2!:

~~-4* OJ E

too Z ___ _ __ __ __ __ _ _ _ I

~ C C N

SaaJ~a 0 I

~326



La. - E

L L

A 0
>-4-

'0 4-J U

X N X.J

I-

-F CDqq

E

- i..

- 3)

'4A _ _ __ _

0 -oL
*m4 h -w m

S______ N MI

- 127



0 m

C-, 0

flO Lo4

3'c =o -

Ln

-I-

S/O - Ind 0aI

28-



-4-

In~4- )

00 0m = LO
0K M

U) CD

In~-JE

do

$A U)

00~c _____ _____ _ __ _

SBO4a N VSz

0~29



1 -o

S--3• --.-

r E C

LO ""-

t o =aase- Sep- N WcI

ý0

CA mm - - (U

-L

C~ MINS

~3~N So



LL. E

S. . .. . . . . .

t0

4 4-
• -"&. .(4- n

40 "C2 U-)(

U,.. I
I C0

04-' U -
-C N

0 0 mI "= E -=

0,,

_ -
* -In

313



II
E0

41. Lfl _ _ _ _ nIf

co

c E 0
CV .LA U - 5

W4 cC 4--w~

04-' U - 1.

0 0 .LD

lz
In

S-

UU

* cu

*aU9 WI

S2.



w -

U.,

CU M-c

O1- ý

-o

+j U LU

SN CD
0 0

0O0e I

cu0

0.1)

#A EL

saaj~a N M-



I t

- a-n4

L6 E -
We) LtnU)-

20% c0

• .- I• N (L

S-

CV) co O

0 'u __ _

~.*r--

W.4 <* U,:
m 0.

.• . 4 j .°

S/AN -- I• 10 W

W43e

im

W4

0

S-

W41

SA - (mvs) ioU INd

34



*coZ
I& D 0

Lo 1-4. 0

.9-.

9-3U ____ __ _ _ _

'0 0 -to "

cu >

00mm

II

*aJa N ____I

q45a



CO~

Un 114 4j -

clj* I~ ,

N.~

Z C0~ LAJ

S-
:3

U,-
0 -a

Lu %-

- 8Ja N MI

'4 ___ =6



I ____ ___4

X 0'a cy 0

>1 

I

L ~ S..
1UE~..0

'4-

4-) L) 1-i 4..
.- r- N0
3:= r-

00(a I-.

Lo F..

-S

00)

oU-~

W4 W- 0 0 CA

S/AaJ -(MVM) 10a I Hd

37



093I

Cu m)

La L 4)

Cr- GJ CYO

>,k: _A

"44

SaJa - N NMISL

~ ~ I38



c-o

X0" CD w

LA- 3: *3 co-

V4 :- >, i - S-i

s- 4-~f

Z C. C NLi

o to~ = -

v-3-
0: a)

E

V)

L/)

*n c.'

-aja N MIWIS



- 0-

(An

Scu e
c 4

UU

It, g..g4--

CAf

I). t r--IIrr

S/A8. (A~)IO ~

04



CID.

Ii -

- n C- - r

V) o~
.. l- ** 4-

00 to = -

V4z 0

S -

0 LL

4- cuW4

____~a N__ MIS __

'41



1n 0
f~o~ o

LO C --

-(0 .
4-)40

N. q, r-.

r- N

1-i-g 0)

Inn

L..

In a Int

(q U cu W4

S/8A- IM~i LOHd

42



LL. x

'9C- C

(A a.u- 0T

- LL

w (n3
W4 C

-a4Jar

CC

4c43



__________________________________ __________________________________ __________________________________ _____/ 00_________________0________

<__ 0

>. E-0>
I. ýa -1

CLC

0o 0to 03

4-

4-'0 0

0 Ln L

S/AqC, (MM 10 N

443



cu

a~ CDC

'4 LO r

cn 0

r4 E

U)

'45



LL. 0%-o~

. I~

0

t * ~o u La

CA Lfa.

S/O (4J io- INJ

C ..- C N46



a"- co

to Uo

(0 0
cl 0

4-

4)a

4j V)

0 0 m0 ~

02>

a E

saa~6p - NVWcn

47l



Fn w

Il
+-,-

0 E-

-~ 0

4-

Sn 
Ln

S/O - (i~d) 100j~

0.*- 48



REFERENCES

1. K. Stewartson, "On the Stability of a Spinning Top Containing Liquid,"
J. Fluid Mech., Vol. 5, Part 4, September 1959, pp. 577-592.

2. E.H. Wedemeyer, "Viscous Corrections to Stewartson's Stability
Criterion," BRL Report No. 1325, Aberdeen Proving Ground, Maryland,
June 1966. AD 489687.

3. William P. D'Amico, Jr. and Michael D. Fuller, "Experimental Study
of a Liquid-Filled Cylinder with Unequal Internal Diameters," BRL
Memorandum Report in publication.

4. C.W. Kitchens, Jr. and N. Gerber, "Prediction of Spin-Decay of Liquid-
Filled Projectiles," Ballistic Research Laboratories Report No. i396,
July 1977. AD A043275.

5. W.H. Mermagen and W.H. Clay, "The Design of a Second Generation
Yawsonde," Ballistic Research Laboratories Memorandum Report No.
2368, April 1974. AD 780064.

6. C.H. Murphy, "Effect of Large High-Frequency Angular Motion of a
Shell on the Analysis of Its Yawsonde Records," Ballistic Research
Laboratory Memorandum Report No. 2581, February 1976. AD B009421L.

49



BLANK PAGEt



DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization

12 Administrator 1 Director
Defense Technical Info Center US Army Air Mobility Research
ATTN: DTIC-DDA and Development Laboratory
Cameron Station Ames Research Center
Alexandria, VA 22314 Moffett Field, CA 94035

Commander 1 Commander
US Army Materiel Development US Army Communications Research

and Readiness Command and Development Command
ATTN: DRCDMD-ST ATTN: DRDCO-PPA-SA
5001 Eisenhower Avenue Fort Monmouth, NJ 07703
Alexandria, VA 22333

1 Commander
Commander US Army Electronics Research
US Army Armament Research and Development Command

and Development Command Technical Support Activity
ATTN: DRDAR-TDC ATTN: DELSD-L
Dover, NJ 07801 Fort Monmouth, NJ 07703

5 Commander 1 Commander
US Army Armament Research US Army Missile Command

and Development Command ATTN: DRSMI-R
ATTN: DRDAR-TSS (2 cys) Redstone Arsenal, AL 35898

DRDAR-LC, Dr. J. Frasier
DRDAR-LCA-F, Mr. A. Loeb 1 Commander
DRDAR-LCA-F, Mr. D. Mertz US Army Missile Command

Dover, NJ 07801 ATTN: DRSMI-YDL
Redstone Arsenal, AL 35898

Commander
US Army Armament Materiel I Commander

Readiness Command US Army Tank Automotive Research
ATTN: DRSAR-LEP-L, Tech Lib and Development Command
Rock Island, IL 61299 ATTN: DRDTA-UL

Director Warren, MI 48090

US Army Armament Research 3 Project Manager
and Development Command Cannon Artillery Weapons Systems

Benet Weapons Laboratory ATTN: DRCPM-CAWS
ATTN: DRDAR-LCB-TL US Army Armament Research
Watervliet, NY 12189 and Development Command

Dover, NJ 07801
Commander
US Army Aviation Research 1 Director

and Development Command US Army TRADOC Systems
ATTN: DRDAV-E Analysis Activity
4300 Goodfellow Blvd. ATTN: ATAA-SL, Tech Lib
St. Louis, MO 63120 White Sands Missile Range

NM 88002

SI



DISTRIBUTION LIST

No. of
Copies Organization

2 Sandia Laboratories
ATTN: W.L. Oberkampf

H. Vaughn
Albuquerque, NM 87115

Aerospace Corporation
ATTN: Walter F. Reddall
El Segundo, CA 90245

2 Calspan Corporation

ATTN: G. Homicz
W. Rae

P.O. Box 400
Buffalo, NY 14225

Aberdeen Proving Ground

Director, USAMSAA
ATTN: DRXSY-D

DRXSY-MP, H. Cohen

Commander, USATECOM
ATTN: DRSTE-TO-F

PM SMOKE, Bldg. 324
ATTN: DRCPM-SMK

Director, USACSL, EA
Bldg. E3516
ATTN: DRDAR-CLB-PA (1 cy)

M. Miller (1 cy)

Director, USACSL, EA
Bldg. E3330
ATTN: W. Dee

J. McKivrigan

52



USER EVALUATION OF REPORT

Please take a few minutes to answer the questions below; tear out
this sheet, fold as indicated, staple or tape closed, and place
in the mail. Your comments will provide us with information for
improving future reports.

1. BRL Report Number

2. Does this report satisfy a need? (Comment on purpose, related
project, or other area of interest for which report will be used.)

3. How, specifically, is the report being used? (Information
source, design data or procedure, management procedure, source of
ideas, etc.)

4. Has the information in this report led to any quantitative
savings as far as man-hours/contract dollars saved, operating costs
avoided, efficiencies achieved, etc.? If so, please elaborate.

5. General Comments (Indicate what you think should be changed to
make this report and future reports of this type more responsive
to your needs, more usable, improve readability, etc.)

6. If you would like to be contacted by the personnel who prepared
this report to raise specific questions or discuss the topic,
please fill in the following information.

Name:

Telephone Number:

Organization Address:



FOLD HERE

Director I111NO POSTAGE
US Army Ballistic Research Laboratory NECESSARYUS 11111 IMATILED
Aberdeen Proving Ground, MD 21005 IF THE

UNITED STATES

OFFICIAL BUSINESS

PENALTY FOR PRIVATE USE.$300 BUSINESS REPLY MAIL
FIRST CLASS PERMIT NO 12062 WASHINGTON,DC

POSTAGE WILL BE PAID BY DEPARTMENT OF THE ARMY

Director
US Army Ballistic Research Laboratory
ATTN: DRDAR-TSB
Aberdeen Proving Ground, MD 21005

FOLD HERE


